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FIG. 2
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PERMANENT MAGNET PRODUCTION
METHOD

FIELD OF THE INVENTION

The present invention relates to a method for producing a
plurality of permanent magnets by way of extrusion.

BACKGROUND OF THE INVENTION

Permanent magnets, which are formed of a rare earth, an
iron family metal and boron, and have a rectangular, arcuate,
semi-elliptical or crescent cross section and are given mag-
netic anisotropy by way of hot (or warm) plastic working,
have been used industrially and commercially. These perma-
nent magnets are produced as follows, for example.

A raw material prepared by mixing a rare earth, an iron
family metal and boron is melted, and the molten magnet
alloy so obtained is jetted out onto a rotational roll of copper,
for example, to produce an extremely rapidly quenched flaky
ribbon made up of crystalline grains of a nanoscale size. The
magnet alloy powder obtained by the extremely rapid
quenching process is crushed into particles of a required
diameter, which are then cold pressed into a compact. The
compact is then hot or warm pressed into a body having high
density, which is then subjected to hot or warm plastic work-
ing to thereby form a magnet material of a desired shape
having magnetic anisotropy. As a plastic working process to
impart the magnetic anisotropy to the resulting magnet mate-
rial, an extrusion process that is superior in material yield and
acceptable product ratio is employed. The magnet material
that has been subjected to plastic working is magnetized in a
later step, whereby a practically useful permanent magnet
having magnetic anisotropy is provided.

For example, JP-A-2001-15325 discloses and proposes a
method for producing a plurality of permanent magnets hav-
ing a radial anisotropy, for example, those having an arcuate
cross section, by an extrusion process. In JP-A-2001-15325,
a finned mandrel is inserted into a through hole formed in a
die to define a plurality of divided holes, which coincide with
a sectional shape of a permanent magnet to be obtained,
between the mandrel and an inner wall of the die which
defines the through hole. Then, a cylindrical blank filled in the
through hole is pressed by a punch and the blank is extruded
from the individual divided holes, whereby a plurality of
permanent magnets which are anisotropic in a radial direction
are produced.

In the production method disclosed in JP-A-2001-15325,
there have been fears that, when the blank is extruded, the
crystal orientation is not aligned at portions of the cylindrical
blank where the cylindrical blank is divided by the fins of the
mandrel, and hence the magnetic properties of the permanent
magnets obtained are lowered at the divided portions. Addi-
tionally, since the blank is divided while being extruded,
stress is increased at the divided portions, and the divided
portions of the permanent magnets obtained may be cracked.
Therefore, the cracked defective portions have to be ground
outin a later step, leading to a problem that a grinding amount
is increased to reduce the yield.

SUMMARY OF THE INVENTION

In view of the problem inherent in the conventional art
described above, the invention has been made to solve the
problem, and an object thereof is to provide a permanent
magnet production method for producing permanent magnets
having superior magnetic anisotropy with good efficiency.
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Inorderto solve the above-mentioned problem and achieve
the above-mentioned object, a first aspect of the present
invention is a method for producing permanent magnet, com-
prising: with a mandrel inserted in a through hole formed in
an extrusion die, extruding a preform filled in the through hole
into a filling space defined between an inner surface of the
through hole and an outer surface of the mandrel by pressing
the preform with a pressing punch, thereby forming a cylin-
drical extruded form in which a plurality of stress concentra-
tion portions extending along an extruding direction are
formed so as to be spaced apart from each other in a circum-
ferential direction; and applying an external force to the
extruded form obtained to thereby divide the extruded form at
the stress concentration portions into a plurality of permanent
magnets.

According to the first aspect of the present invention, an
extruded form formed by an extrusion process is divided into
aplurality of permanent magnets. Therefore, the compression
direction (crystalline orientation direction) applied to the
extruded form at the extrusion process is wholly aligned to
thereby exert superior magnetic anisotropy, the magnetic
properties of the respective permanent magnets at the divided
portions are not lowered, and a plurality of permanent mag-
nets excellent in magnetic anisotropy can be produced. In
addition, since a large stress is not applied to the portions of
the extruded form to be divided in the extrusion process, a
crack does not occur at the divided portions of the permanent
magnet and the yield of the raw material can be improved.
Furthermore, since stress concentration portions for dividing
the permanent magnet are formed in the extrusion process,
production efficiency can be increased in comparison with a
case where stress concentration portions are formed sepa-
rately in a later step.

According to a second aspect of the present invention, in
the above-mentioned method for producing permanent mag-
net, each of the stress concentration portions is formed on an
inner surface and/or an outer surface of the extruded form by
two surfaces which are successively connected in a circum-
ferential direction so as to form an angle. In accordance with
the second aspect of the present invention, flatness of the
division surfaces of the permanent magnet can be increased
and the external appearance of the permanent magnet can be
improved.

According to a third aspect of the present invention, in the
above-mentioned method for producing permanent magnet,
projecting portions which project to the filling space are pro-
vided on the inner surface of the through hole in the extrusion
die or the outer surface of the mandrel so as to project there-
from, and grooves as radially depressed stress concentration
portions by the projecting portions are formed on an inner
surface or an outer surface of an extruded form which is
extruded to the filling space. In accordance with the third
aspect of the present invention, flatness of the division sur-
faces of the permanent magnet can be further increased.

According to a fourth aspect of the present invention, in the
above-mentioned method for producing permanent magnet,
an extruded form, which is formed so that a radial thickness
T, of the stress concentration portion is in a range of
V5T ,<T,<#5T, relative to a radial maximum thickness T, is
divided at the stress concentration portions. In accordance
with the fourth aspect of the present invention, division of the
extruded form at the stress concentration portions becomes
easy and the decrease in orientation properties can be sup-
pressed.

According to a fifth aspect of the present invention, in the
above-mentioned method for producing permanent magnet,
the extruded form is compressed in a radial direction so that
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the extruded form is divided at the stress concentration por-
tions. In accordance with the fifth aspect of the present inven-
tion, the division of the extruded form becomes easy.
According to the permanent magnet production method of
the invention, it is possible to produce permanent magnets
having superior magnetic anisotropy with good efficiency.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram depicting an extrusion die, a
pressing punch and a mandrel of an extrusion apparatus for
producing a permanent magnet according to Embodiments.

FIG. 2 is a schematic diagram depicting a bottom view of
an extrusion apparatus formed to produce permanent magnets
of a rectangular cross section according to Embodiment 1
with a mandrel inserted into a through hole in an extrusion
die.

FIGS. 3A to 3C show explanatory diagrams depicting a
production process of the permanent magnets according to
Embodiment 1, in which FIG. 3A depicts an extruded form
which is formed by the extrusion apparatus, FIG. 3B depicts
a state in which the extruded form is to be divided at stress
concentration portions and FIG. 3C depicts a state in which
the extruded form is divided into a plurality of permanent
magnets.

FIGS. 4A and 4B show explanatory diagrams depicting a
production process of permanent magnets of a crescent cross
section according to Embodiment 2, in which FIG. 4A depicts
a state in which an extruded form formed by the extrusion
apparatus is to be divided at stress concentration portions, and
FIG. 4B depicts a state in which the extruded form is divided
into a plurality of permanent magnets.

FIGS. 5A and 5B show explanatory diagrams depicting a
production process of permanent magnets of a semi-elliptical
cross section according to Embodiment 3, in which FIG. 5A
depicts a state in which an extruded form formed by the
extrusion apparatus is to be divided at stress concentration
portions, and FIG. 5B depicts a state in which the extruded
form is divided into a plurality of permanent magnets.

FIGS. 6 A and 613 show explanatory diagrams respectively
depicting an extrusion die and a mandrel of the extrusion
apparatus for producing permanent magnets of an arcuate
cross section according to Embodiment 4.

FIGS. 7A and 7B show explanatory diagrams depicting a
production process of the permanent magnets according to
Embodiment 4, in which FIG. 7A depicts a state in which an
extruded form formed by the extrusion apparatus is to be
divided at stress concentration portions, and FIG. 7B depicts
a state in which the extruded form is divided into a plurality of
permanent magnets.

FIGS. 8A and 8B show charts depicting the results of
measurement of degrees of magnetic orientation in an experi-
mental example, in which FIG. 8A depicts the result of an
example of the invention, and FIG. 8B depicts the result of a
comparison example.

DESIGNATION OF REFERENCE NUMERALS
AND CHARACTERS

12: extrusion die

124: through hole

: pressing punch

: mandrel

: permanent magnet having rectangular cross section
: filling space

: primary extruded form (extruded form)

: secondary extruded form (extruded form)
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28: stress concentration portion

32: permanent magnet having crescent cross section

34: permanent magnet having semi-elliptical cross section
36: permanent magnet having arcuate cross section

38: inner projection (projecting portion)

40: outer projection (projecting portion)

T,: radial maximum thickness of extruded form

T, : radial thickness of stress concentration portion

DETAILED DESCRIPTION OF THE INVENTION

Next, referring to the accompanying drawings, permanent
magnet production methods according to the invention will
be described based on preferred embodiments as below.
Embodiments

FIG. 1 shows a preferred embodiment of an extrusion
apparatus for use in a permanent magnet production method.
An extrusion apparatus 10 includes an extrusion die 12 in
which a through hole 124 is formed so as to penetrate there-
through in an extruding direction, a pressing punch 14 which
is to be inserted into the through hole 12a from one of open-
ings thereof, and a mandrel 16 that is to be inserted into the
through hole 12a from the other opening thereof and which
has a diameter smaller than that of a bore of the through hole
12a. With the mandrel 16 inserted into the through hole 124,
a filling space 20 is defined between an inner surface of the
through hole 12a (an inner wall of the extrusion die 12 in
which the through hole 124 is defined) and an outer surface of
the mandrel 16 so as to communicate along the full circum-
ference of the mandrel 16. The filling space 20 is formed into
a cylindrical space made up of a plurality of forming spaces
20a which are defined contiguously so as to communicate
with each other in a circumferential direction and which
substantially coincide with cross-sectional shapes of perma-
nent magnets 18, 32, 34, 36 to be produced, in which the
cross-sectional shapes are taken along a direction perpen-
dicular to an extruding direction. The shape of the forming
space 20a may be changed by changing the respective shapes
of'the mandrel 16 and the through hole 12a. Then, a cylindri-
cal primary extruded form (an extruded form) 22, in which a
plurality of formed portions 184, 32a, 344, 36a which coin-
cide with cross-sectional shapes of permanent magnets 18,
32, 34, 36 to be obtained stretch continuously in a circumfer-
ential direction, can be formed from a cylindrical preform by
the extrusion apparatus 10.

The preform is obtained in the following manner. A raw
material prepared by mixing a rare earth, an iron family metal
and boron is melted, and the molten material so obtained is
jetted out onto a rotational roll to produce an extremely rap-
idly quenched flaky ribbon. The magnet alloy powder
obtained is crushed into particles of a required diameter,
which are then cold pressed into a compact. The compact is
then preheated to a required temperature (a temperature at
which the compact is hot or warm pressed) in an atmosphere
of'inactive gas (for example, Ar) and is thereafter hot or warm
pressed to thereby be highly densified. In addition, althoughY
and/or lanthanoid can be adopted as the rare earth, in particu-
lar, Nd, Pr, Dy, Tb or a mixture of two or more thereof can
preferably be adopted. Further, although Fe, Co and/or Nican
be adopted as the iron family metal, in particular, Fe, Co ora
mixture of those metals can preferably be adopted. It should
be noted that Ca may be added as required in order to improve
the plastic workability (or cracking resistance). Additionally,
the preform which is highly densified by hot or warm pressing
is preheated to a temperature at which the preform is extruded
by the extrusion apparatus 10 under the atmosphere of inac-
tive gas (for example, Ar) and is then held at the temperature.
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Preheating that is executed when a preform is molded and
preheating that is executed before a preform is extruded by the
extrusion apparatus 10 may be executed according to the type
of a magnet material used or working conditions such as
working schedule, and such preheating may also be omitted.

Here, as a general form of a motor in which a permanent
magnet is used, there are raised a surface permanent magnet
(SPM) motor in which a permanent magnet is mounted on a
surface of a rotor and an interior permanent magnet (IPM)
motor in which a permanent magnet is embedded in an inte-
rior of a rotor, Permanent magnets 32, 36, 34 having, respec-
tively, a crescent cross section, an arcuate cross section and a
semi-elliptical cross section are preferably adopted for the
surface permanent magnet motor, while permanent magnets
18, 36 having, respectively, a rectangular cross section and
the arcuate cross section are preferably adopted for the inte-
rior permanent magnet motor. In addition, it is possible to
produce the permanent magnets 18, 32, 34, 36 having the
aforesaid different types of cross sections by the extrusion
apparatus 10 by changing the respective shapes of the man-
drel 16 and the through hole 12a. Then, processes of produc-
ing those permanent magnets 18, 32, 34, 36 having the afore-
said different types of cross sections will be described
hereinafter one by one.

Embodiment 1

In Embodiment 1, a process of producing a permanent
magnet 18 having a rectangular cross section will be
described. In Embodiment 1, a through hole 124 having a
substantially rectangular opening shape is formed in the
extrusion die 12, as shown in FIG. 2. Additionally, in the
extrusion die 12, an inclined surface which is inclined at a
predetermined angle (45° in this embodiment) is formed at
every corner of the through hole 12a. The mandrel 16 has a
rectangular cross section which is smaller than the through
hole 12a. Then, with the mandrel 16 inserted into the through
hole 124, a filling space 20 having an angular tube-like shape
as a whole is defined along a full circumference of the man-
drel 16. With the mandrel 16 so disposed, forming spaces 20a
each having a rectangular cross section are defined on outer
sides of four surfaces of the mandrel 16, and the filling space
20 is made up by connecting together these forming spaces
20a at the corner portions of the through hole 124 so that they
communicate with each other. The mandrel 16 is inserted into
the through hole 12¢ in such a state that corner portions
thereof face the corresponding inclined surfaces of the extru-
sion die 12. In addition, in the filling space 20 defined in such
a state that the mandrel 16 is inserted into the through hole
124, a radial gap defined between the mandrel 16 and the
inclined surface is set smaller than a radial gap defined in a
portion where a surface of the through hole 12a faces the
surface of the mandrel 16.

In the extrusion apparatus 10, a preform which is preheated
is inserted into the through hole 12¢ from one opening to
thereby be filled therein, and the mandrel 16 is inserted into
the through hole 124 from the other opening thereof, in which
state the pressing punch 14 is inserted into the through hole
12a from the one opening to press the preform. Consequently,
the preform is extruded into the filling space 20 which is
defined between the outer surfaces of the mandrel 16 and an
inner surface of the through hole 124, whereby a primary
extruded form 22 shown in FIG. 1 is formed. This primary
extruded form 22 is magnetically anisotropic in a thickness
direction perpendicular to an extruding direction which is a
compressing direction when extrusion is executed. The pri-
mary extruded form 22 which is formed by the extrusion
apparatus 10 is discharged from the through hole 124 in such
a state that a bottom portion 22a is provided at an end portion
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of a tubular portion in which a plurality of (four in this
embodiment) formed portions 18a each having a rectangular
cross section are coupled together in a circumferential direc-
tion as a result of the primary extruded form 22 being
extruded into the filling space 20. Then, the bottom portion
22a is removed from the primary extruded form 22 to thereby
obtain a secondary extruded form (an extruded form) 24
(refer to FIG. 3A) having an angular tube-like shape which is
opened at front and rear thereof in the extruding direction.

As shown in FIG. 3A, the secondary extruded form 24 is
formed into an angular tube-like shape which has a rectangu-
lar cross section inside and inclined surfaces 26 outside which
are formed at portions corresponding to corners of the rect-
angular cross section. Namely, an angular corner portion
where two surfaces of the inside of the secondary extruded
form 24 connect to each other so as to form an angle functions
as a stress concentration portion 28 where a stress concen-
trates when an external force is applied to the secondary
extruded form 24. Namely, in Embodiment 1, the stress con-
centration portion 28 is formed inside a connecting portion of
formed portions 184, 18a which are connected together in a
circumferential direction. Additionally, a thickness of the
corner portion of the secondary extruded form 24 where the
stress concentration portion 28 is formed is made thinner than
the other portions thereof (or the stress concentration portion
28 is made more brittle than the other portions) as a result of
the inclined surface 26 being formed thereat. Then, as shown
in FIG. 3B, dividing jigs 30 are applied individually to a pair
of oppositely facing inclined surfaces 26 and are then caused
to approach each other so as to apply a pressure to the corre-
sponding stress concentration portions 28 which oppositely
face each other in a direction in which the stress concentration
portions 28 so face each other (i.e., in a radial direction),
whereby the secondary extruded form 24 is divided at four
stress concentration portions 28 which extend over an overall
length of the secondary extruded form 24 in a longitudinal
direction (extruding direction) as starting points. As a result,
as shown in FIG. 3C, the secondary extruded form 24 is
divided into four portions. Then, by working the portions
where the inclined surfaces 26 are formed as required, per-
manent magnets 18 having a rectangular cross section are
obtained.

In Embodiment 1, in the secondary extruded form 24
which is obtained by way of extrusion, as shown in FIG. 3A,
an upper limit value of a thickness (radial thickness) T, atthe
stress concentration portion 28 is preferably set to T,<45T,
relative to a maximum thickness T, of the secondary extruded
form 24 and is more preferably set to T,<354T,. Additionally,
a lower limit value of the thickness (radial thickness) T, at the
stress concentration portion 28 is preferably set to T,>%5T,
relative to the maximum thickness T, of the secondary
extruded form 24 and is more preferably set to T,>%5T,,.
Namely, when the thickness T, at the stress concentration
portion 28 is made larger than the upper limit value (i.e., inthe
case where T,=2%4T ), a large force is required when dividing
the secondary extruded form 24 at the stress concentration
portions 28, leading to fears that the secondary extruded form
24 fails. In contrast with this, when the thickness T, at the
stress concentration portion 28 is made smaller than the lower
limit value (i.e., inthe case where T, <'5T,), the plastic defor-
mation when forming the stress concentration portions 28 in
extrusion of the primary extruded form 22 becomes large,
leading to fears that the orientation properties are deterio-
rated.

In this way, in the production method of permanent mag-
nets 18 according to Embodiment 1, the plurality of perma-
nent magnets 18 are produced by dividing the secondary
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extruded form 24 which is discharged from the extrusion
apparatus 10 at the end of extrusion at the stress concentration
portions 28. Because of this, no large force is applied to the
dividing portions at the time of extrusion, and hence, no
grinding is required in a later step to grind out defective
portions, thereby improving the yield. Additionally, com-
pared with the conventional method in which the preform is
divided while being pressed by the fins on the mandrel at the
time of extrusion as in the conventional art, according to the
production method of Embodiment 1, it is possible to obtain
the plurality of permanent magnets 18 in which crystals are
aligned in the same direction at the portions where the per-
manent magnets 18 are divided to thereby provide superior
magnetic anisotropy, and the magnetic properties of each
permanent magnet 18 become uniform. Namely, it is possible
to produce the permanent magnets 18 having superior mag-
netic properties with good yield. Further, the stress concen-
tration portions 28 where the secondary extruded form 24 is to
be divided into the plurality of portions are formed simulta-
neously at the time of extrusion (at the time of extrusion of the
primary extruded form 22). Thus, compared with a method in
which stress concentrations 28 are formed separately in a
later step, the number of steps involved can be reduced,
thereby making it possible to increase the production effi-
ciency. In addition, the stress concentration portion 28 is such
that the two surfaces which form the stress concentration
portion 28 are connected together so as to form an angle, and
therefore, when an external force is applied to the secondary
extruded form 24, the secondary extruded form 24 is divided
in a good shape at the stress concentration portions 28 as
starting points, thereby making it possible to obtain divided
surfaces having high flatness. Namely, the flatness of the
divided surfaces of the permanent magnets 18 which are
divided from the secondary extruded form 24 is high, and
hence, the resulting permanent magnets 18 have a good exter-
nal appearance. Incidentally, the permanent magnets 18
divided from the secondary extruded form 24 are magnetized
in a later step, whereby practically useful permanent magnets
having magnetic anisotropy are provided.

Embodiment 2

While the production of the permanent magnets 18 having
a rectangular cross section is described in Embodiment 1, by
changing the respective shapes of the through hole 12¢ in the
extrusion die 12 and the mandrel 16, it is possible to produce
permanent magnets 32 having a crescent cross section as
shown in FIG. 4B.

Namely, when producing permanent magnets 32 having a
crescent cross section, the respective shapes of a mandrel 16
and a through hole 124 are set so that with the mandrel 16
inserted into the through hole 12a, a cylindrical filling space
20 in which forming spaces 20a each having a crescent cross
section stretch in a circumferential direction in a communi-
cating fashion is defined between an outer surface of the
mandrel 16 and an inner surface of the through hole 12a.
Then, by pressing a cylindrical preform which is filled in the
through hole 124 by a pressing punch 14, a bottomed cylin-
drical primary extruded form 22, which has a cylindrical
portion in which formed portions 32« each having a crescent
cross section are connected together in the circumferential
direction, is formed. Then, by cutting off a bottom portion 22a
from the primary extruded form 22, a substantially cylindrical
secondary extruded form 24 is formed.

In Embodiment 2, as shown in FIG. 4A, the secondary
extruded form 24 is formed so that a circular cross section is
defined inside and arcuate ridges and v-shaped roots stretch
continuously and alternately in the circumferential direction
outside. Namely, in Embodiment 2, stress concentration por-
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tions 28 are formed on outer surfaces of connecting portions
where the formed portions 32a which stretches continuously
in the circumferential direction are connected together. In
Embodiment 2, in the secondary extruded form 24 which is
obtained by way of extrusion, as with Embodiment 1, an
upper limit value and a lower limit value of a thickness (radial
thickness) T, at the stress concentration portion 28 is prefer-
ably set to be in the range of 5T <T,<#5T, relative to a
maximum thickness T, of the secondary extruded form 24
and is more preferably set to be in the range of 25T, <T | <35T,,.

InEmbodiment 2, as shown in FIG. 4A, dividing jigs 30 are
applied to stress concentration portions 28 which oppositely
face each other from the outside thereof, and then, the divid-
ing jigs 30 are caused to approach each other so as to hold the
secondary extruded form 24 therebetween in the radial direc-
tion, whereby the secondary extruded form 24 is divided at
the individual stress concentration portions 28 which extend
over an overall length of the secondary extruded form 24 ina
longitudinal direction (extruding direction) as starting points.
Thus, as shown in FIG. 4B, six permanent magnets 32 each
having the crescent cross section can be obtained. In Embodi-
ment 2, too, as with Embodiment 1, it is possible to produce
the permanent magnets 32 having superior magnetic proper-
ties with good yield. Additionally, the permanent magnets 32
having the crescent cross section each have uniform magnetic
properties and a good external appearance.

Embodiment 3

In Embodiment 3, a production of permanent magnets 34
having a semi-elliptical cross section shown in FIG. 5B will
be described. Namely, when producing permanent magnets
34 having a semi-elliptical cross section, the respective
shapes of a madrel 16 and a through hole 124 are set so that
with the mandrel 16 inserted into the through hole 12a, a
cylindrical filling space 20 in which forming spaces 20a each
having a semi-elliptical cross section stretch in a circumfer-
ential direction in a communicating fashion is defined
between outer surfaces of the mandrel 16 and an inner surface
of the through hole 12a. Then, by pressing a cylindrical
perform which is filled in the through hole 124 by a pressing
punch 14, a bottomed cylindrical primary extruded form 22,
which has a cylindrical portion in which formed portions 34a
each having a semi-elliptical cross section are connected
together in the circumferential direction, is formed. Then, by
cutting off a bottom portion 22a from the primary extruded
form 22, a substantially cylindrical secondary extruded form
24 is formed. In Embodiment 3, in the secondary extruded
form 24 which is obtained by way of extrusion, as with
Embodiment 1, an upper limit value and a lower limit value of
a thickness (radial thickness) T, at the stress concentration
portion 28 is preferably set to be in the range of
VST o<T ,<45T, relative to a maximum thickness T, of the
secondary extruded form 24 and is more preferably set to be
in the range of 25T <T,<34T,,.

In Embodiment 3, as shown in FIG. 5A, the secondary
extruded form 24 is formed to have a rectangular cross section
inside and a circular cross section outside. In the secondary
extruded form 24 in Embodiment 3, as with Embodiment 1,
inner corner portions function as stress concentration por-
tions 28. Then, as shown in FIG. 5A, dividing jigs 30 are
applied to the stress concentration portions 28 which oppo-
sitely face each other from the outside thereof, and then, the
dividing jigs 30 are caused to approach each other so as to
compress the secondary extruded form 24 therebetween in
the radial direction, whereby the secondary extruded form 24
is divided at the individual stress concentration portions 28
which extend over an overall length of the secondary extruded
form 24 in a longitudinal direction (extruding direction) as
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starting points. Thus, as shown in FIG. 5B, four permanent
magnets 34 each having a semi-elliptical cross section can be
obtained. In Embodiment 3, too, as with Embodiment 1, it is
possible to produce the permanent magnets 34 having supe-
rior magnetic properties with good yield. Additionally, the
permanent magnets 34 having the semi-elliptical cross sec-
tion each have uniform magnetic properties and a good exter-
nal appearance.

Embodiment 4

In Embodiment 4, a production of permanent magnets 36
each having an arcuate cross section will be described.
Namely, when producing permanent magnets 36 having an
arcuate cross section, the respective shapes of a mandrel 16
and a through hole 12a are set so that with the mandrel 16
inserted into the through hole 12a, a cylindrical filling space
20 is defined between an outer surface of the mandrel 16 and
an inner surface of the through hole 124. In addition, when
producing permanent magnets 36 having an arcuate cross
section as in Embodiment 4, in order to form stress concen-
tration portions 28 at the time of extrusion, as shown in FIGS.
6A and 6B, a plurality of inner projections (projecting por-
tions) 38 are provided on the inner surface of the through hole
12a in the extrusion die 12 in positions which correspond to a
distal end portion of the mandrel 16 which is inserted into the
through hole 12a so as to be spaced apart from each other in
a circumferential direction. Additionally, outer projections
(projecting portions) 40 are provided at a distal end portion on
the outer surface of the mandrel 16 so as to correspond to the
inner projections 38. Then, a cylindrical preform filled in the
through hole 124 in which the mandrel 16 is inserted is
pressed by a pressing punch 14, whereby radially depressed
groove-shaped stress concentration portions 28 are formed on
an outer surface and an inner surface of a primary extruded
form 22 which correspond to the inner projections 38 and the
outer projections 40, respectively, in the process of extrusion
of the first extruded form 22. Then, the stress concentration
portions 28 are formed on the primary extruded form 22,
which will be a secondary extruded form when discharged
from the forming die 12, along an overall length thereof in the
extruding direction. Thus, the bottomed cylindrical primary
extruded form 22, which has a cylindrical portion in which a
plurality of formed portions 36a which are divided by the
stress concentration portions 28 which lie adjacent to each
other in the circumferential direction are connected together
in the circumferential direction, is formed.

In Embodiment 4, in a secondary extruded form 24 which
is obtained by way of extrusion shown in FIG. 7A, as with
Embodiment 1, an upper limit value and a lower limit value of
a thickness (radial thickness) T, at the stress concentration
portion 28 is preferably set to be in the range of
V5To<T <45T, relative to a maximum thickness T, of the
secondary extruded form 24 and is more preferably set to be
in the range of 25T <T,<34T,,.

Here, as has been described before, the inner projections 38
on the extrusion die 12 and the outer projections 40 on the
mandrel 16 are preferably provided on the inner surface of the
die and the outer surface of the mandrel 16 in the positions
corresponding to the distal end portion of the mandrel 16
when the mandrel 16 is inserted into the through hole 12a.
However, the inner projections 38 on the extrusion die 12 may
be provided further rearwards in the extruding direction than
the distal end portion of the mandrel 16 which is inserted into
the through hole 124, so long as the outer projections 40 and
the corresponding inner projections 38 are aligned in the
radial direction as viewed from the extruding direction. Addi-
tionally, the flatness of divided surfaces resulting when the
formed portions 36a are divided at the stress concentration
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portions 28 increases further as the acuteness of a distal end
(root of groove) of the groove-shaped stress concentration
portion 28 which is formed by the inner projection 38 and the
outer projection 40 increases. Therefore, it is preferable that
the inner projection 38 and the outer projection 40 are shaped
to have a triangular cross section and that an internal angle on
a projecting end portion side is acute. The cross sectional
shape of the inner projection 38 and the outer projection 40 is
not limited to the triangular one, and hence, the inner projec-
tion 38 and the outer projection 40 may be shaped to have a
rectangular cross section or an arcuate cross section in which
a projecting end portion is formed into an arcuate shape.

As shown in FIG. 7A, the secondary extruded form 24 of
Embodiment 4 is formed into a cylindrical form in which a
plurality of (four in Embodiment 4) formed portions 36a
which are divided circumferentially by the stress concentra-
tion portions 28 which are formed on an outer surface and an
inner surface thereof so as to correspond to each other in the
radial direction are connected together. Namely, in the sec-
ondary extruded form 24 in Embodiment 4, the stress con-
centration portions 28 are formed on outer surfaces and inner
surfaces of connecting portions where the formed portions
36a, 36a are connected together in the circumferential direc-
tion. Then, as shown in FIG. 7A, dividing jigs 30 are applied
to outsides of the stress concentration portions 28 which
oppositely face each other across the center of the secondary
extruded form 24, and the dividing jigs 30 are caused to
approach each other so as to compress the secondary extruded
form 24 in the radial direction therebetween, whereby the
secondary extruded form 24 is divided at the stress concen-
tration portions 28 which extend along the full length of the
secondary extruded form 24 in a longitudinal direction (ex-
truding direction), and as shown in FIG. 7B, four permanent
magnets 36 each having an arcuate cross section are obtained.
In Embodiment 4, too, as with Embodiment 1, it is possible to
produce the permanent magnets 36 having superior magnetic
properties with good yield. Additionally, the resultant perma-
nent magnets 36 having the arcuate cross section each have
uniform magnetic properties and a good external appearance.
In addition, in Embodiment 4, the stress concentration por-
tion 28 which is formed by the projections 38 and 40 are
formed substantially into the V-shaped groove, and therefore,
the flatness of the divided surface of the permanent magnet 36
which is divided at the stress concentration portion 28 is
increased further, and the external appearance of the resultant
permanent magnet 36 is improved further. When the stress
concentration portions 28 are formed by the projections 38
and 40 formed on the extrusion die 12 and the mandrel 16, a
form can be adopted in which elongated projections are
formed only on either of the extrusion die 12 and the mandrel
16 so as to form stress concentration portions 28 on either of
an inner surface and an outer surface of a primary extruded
form 22.

EXPERIMENTAL EXAMPLES

A magnetic alloy containing 29.5% by mass of Nd, 5% by
mass of Co, 0.9% by mass of B and 0.6% by mass of Ga, with
the balance of being substantially Fe, was produced by melt-
ing and was quenched by a single-roll method to obtain a
magnetic alloy strip having a thickness of 25 um and an
average crystal gain diameter of 0.1 pum or less. Further, this
magnetic alloy strip was crushed to prepare a magnetic pow-
der having a particle length of 300 um or less. The magnetic
powder was cold pressed at a surface pressure of approxi-
mately 3.0 tons to obtain a compact. The compact was pre-
heated to a temperature of 600to 900° C. in an atmosphere of
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Ar and was then hot pressed at a temperature of 600 to 900° C.
and a pressure of 200 MPa to thereby produce a cylindrical
preform. Then, an example according to the invention in
which permanent magnets were produced from the preform
by using the production method according to the invention for
producing permanent magnets 32 having a crescent cross
section was compared with a comparison example in which
permanent magnets were produced from a preform which
was produced under the same conditions as those described
above by using the production method disclosed in JP-A-
2001-15325 to investigate a difference in degree of magnetic
orientation between the two examples.

As conditions in extruding the preform, the temperatures of
the preform and the extrusion die 12 were in the range of 600
10 900° C., and a 50-ton hydraulic press was used as a working
machine. In addition, the preform had been preheated to a
temperature of 600 to 900° C. before the preform was
extruded. As to specific measurement of degrees of magnetic
orientation (magnetic properties) of respective permanent
magnets 32 of the example of the invention and the compari-
son example, specimens of 7 mm (width)x7 mm (length)
were cut out from central portion and both end portions in the
width direction at the central portion in the length direction
(extruding direction), and the specimens were then ground by
0.5 mm in a thickness direction on both sides thereof to
produce specimens of 7 mm (width)x7 mm (length)x6 mm
(thickness) for use in magnetic measurement. Additionally,
specimens for magnetic measurement were prepared by cut-
ting a plurality of portions of the permanent magnet 32 of
each of the examples which were situated in different length-
wise positions from a front end (a distal end) of the permanent
magnet 32 in the extruding direction in which the extruded
form was obtained through extrusion. Then, the respective
specimens for magnetic measurement were magnetized in a
magnetic field of 3.2 MA/m for use in measurement. The
specimens for magnetic measurement which reached satu-
rated magnetization as a result of the magnetization were
measured for a degree of magnetic orientation using a pulse
excited BH tracer. The results of the measurement carried out
on the example of the invention are shown in FIG. 5A, while
the results of measurement carried out on the comparison
example were shown in FIG. 8B.

It was confirmed from the results of the experiment shown
in FIGS. 8A and 8B that in the example of the invention, the
degrees of magnetic orientation at the central portion and both
end portions in the width direction were increased compared
with those in the comparison example in which the magnets
were divided at the time of extrusion, that the degree of
magnetic orientation at the widthwise central portion is
approximately the same as those at widthwise both end por-
tions and that the example of the invention has uniform mag-
netic properties in the widthwise direction. In addition, the
external appearance of the permanent magnet 32 of the
example of the invention was good and no cracks were found
in the divided portions, and there were found only a few
defective portions which needed grinding. Namely, it was
confirmed that according to the invention, it was possible to
produce the permanent magnets having high magnetic prop-
erties from the extruded form which was formed through the
extrusion which is superior in productivity, material yield,
acceptable product ratio and production cost.

Modified Embodiments

The invention is not limited to the configurations of the
embodiments and hence can be modified variously. For
example, the following configurations can be adopted.

(1) In the embodiments, after the primary extruded form
having the bottom portion is extruded, the bottom portion
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of the primary extruded portion is cut off to obtain the
cylindrical secondary extruded form. However, there may
also be adopted a configuration in which a cylindrical
secondary extruded form is formed through extrusion
which has only a cylindrical portion in which a plurality of
formed portions which coincide in cross section with per-
manent magnets to be obtained.

(2) In Embodiment 1, while the inclined surfaces are formed
at the four corner portions of the secondary extruded form,
the provision of the inclined surfaces is not compulsory,
and hence, the corner portions of the secondary extruded
form may be kept angular.

(3) In the embodiments, while the permanent magnets having
a rectangular, crescent, semi-elliptical or crescent cross
section are described as being produced, the shapes of
permanent magnets to be produced are not limited to those
shapes, and hence, permanent magnets having a different
cross section may be produced. In addition, the number of
formed portions (portions corresponding to permanent
magnets) which are connected together in a circumferen-
tial direction in a primary extruded form formed through
extrusion should be two or more, and the number of formed
portions is not limited to those illustrated in the embodi-
ments.

(4) In Embodiments 1 to 3, projections like those in Embodi-
ment 4 may be formed on the inner surface of the through
hole in the extrusion die and the outer surface of the man-
drel in positions which correspond to the stress concentra-
tion portions which are formed on the primary extruded
form, and grooves may be formed on either of the inner
surfaces and outer surfaces of the stress concentration por-
tions. Additionally, in place of the projections which form
the stress concentration portions, elongated projections
(projecting portions) can be used which extend a predeter-
mined length along the extruding direction. The elongated
projections are not limited to those which are provided to
extend along the full length of the extrusion die and the
mandrel] but may be such as to be provided only on an area
where the mandrel is inserted into the through hole.

(5) In the embodiments, while the stress concentration por-
tions which oppositely face each other across the center of
the extruded form are compressed from the outside by the
dividing jigs when dividing the extruded form at the stress
concentration portions, other portions of the extruded form
than the stress concentration portions may be compressed
in the same manner to divide the extruded form. However,
it is easier to divide the extruded form at the stress concen-
tration portions by compressing (holding and pressing) the
extruded form at the stress concentration portions rather
than by compressing it at the other portions.

(6) A preform can be obtained by cold pressing a magnetic
alloy powder into a compact, which is then extruded with-
out being hot or warm pressed.

While the invention has been described in detail and with
reference to specific embodiments thereof, it will be apparent
to one skilled in the art that various changes and modifications
can be made therein without departing from the scope thereof.

This application is based on Japanese patent application
No. 2012-002512 filed Jan. 10, 2012, the entire contents
thereof being hereby incorporated by reference.

What is claimed is:

1. A method for producing a plurality of permanent mag-
nets, comprising:

with a mandrel inserted in a through hole formed in an

extrusion die, extruding a preform filled in the through
hole into a filling space defined between an inner surface
of the through hole and an outer surface of the mandrel
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by pressing the preform with a pressing punch, thereby 4. The method for producing a plurality of permanent mag-
forming a cylindrical extruded form in which at least nets according to claim 3, wherein
more than two stress concentration portions extending in the extruded form is compressed in a radial direction so that
parallel along an extruding direction are formed so as to the extruded form is divided at the stress concentration

be spaced apart from each other in a circumferential 5
direction; and

applying an external force to the cylindrical extruded form
obtained at two oppositely facing stress concentration
portions to thereby divide the extruded form at the stress
concentration portions into more than two permanent 1o
magnets;

wherein said extruded form, which is formed so that a
radial thickness T, of the stress concentration portion is
inarange of 15T <T, <%5T, relative to a radial maximum
thickness T, is divided at the stress concentration por- 15
tions.

2. The method for producing a plurality of permanent mag-

nets according to claim 1, wherein

each of the stress concentration portions is formed on an
inner surface and/or an outer surface of the extruded 3¢
form by two surfaces which are successively connected
in a circumferential direction so as to form an angle.

3. The method for producing a plurality of permanent mag-

nets according to claim 2, wherein

projecting portions which project into the filling space are 35
provided on the inner surface of the through hole in the
extrusion die or the outer surface of the mandrel so as to
project therefrom, and grooves as radially depressed
stress concentration portions are formed by the project-
ing portions on an inner surface or an outer surface of an
extruded form which is extruded to the filling space. L

portions.
5. The method for producing a plurality of permanent mag-
nets according to claim 2, wherein
the extruded form is compressed in a radial direction so that
the extruded form is divided at the stress concentration
portions.
6. The method for producing a plurality of permanent mag-
nets according to claim 1, wherein
projecting portions which project into the filling space are
provided on the inner surface of the through hole in the
extrusion die or the outer surface of the mandrel so as to
project therefrom, and grooves as radially depressed
stress concentration portions are formed by the project-
ing portions on an inner surface or an outer surface of an
extruded form which is extruded to the filling space.
7. The method for producing a plurality of permanent mag-
nets according to claim 6, wherein
the extruded form is compressed in a radial direction so that
the extruded form is divided at the stress concentration
portions.
8. The method for producing a plurality of permanent mag-
nets according to claim 1, wherein
the extruded form is compressed in a radial direction so that
the extruded form is divided at the stress concentration
portions.



